Currently, bone marrow (BM), cord blood (CB), and G-CSF-mobilized peripheral blood progenitor cells (PBPCs) are the most commonly used sources for allogeneic stem cell transplantation (SCT). The aim of this study was to assess the yields and distribution of lymphocyte subsets, lymphocyte progenitors and hematopoietic stem cells (HSC) in each type of allograft by threecolor flow cytometry. high T cells were highest in CB grafts (P р 0.001), and higher in LPs than in BM grafts (P р 0.02). The latter finding was in accordance with a preferential G-CSF mobilization of naive T cells relative to the total lymphocyte population (P р 0.014). CD3 + CD8 low and CD3 + CD8 low CD4 − subsets, which facilitate engraftment in murine transplantation models, demonstrated a tendency towards lower frequencies among T cells in CB grafts and LPs compared to BM grafts. This observation coincided with a significantly reduced mobilization of subsets potentially enriched for facilitating cells as compared to the total lymphocyte population (P р 0.036). The CD34 + compartment of CB grafts contained a significantly higher percentage (12.1%) of CD34 + CD7 + CD3 − T cell progenitors than those of BM grafts (5.1%) and LPs (3.6%). In addition, CB lymphocytes contained the highest fraction of CD3 − CD16/56 
). For most lymphocyte subsets yields were lowest in CB grafts and significantly higher in LPs than in BM grafts. BM grafts, however, contained the highest yields of CD34 + CD19 + CD20 − B cell progenitors and CD19 + CD20 − B cells. The relative frequencies of the naive CD45RA + CD45RO − phenotype among CD4 + and CD8 high T cells were highest in CB grafts (P р 0.001), and higher in LPs than in BM grafts (P р 0.02). The latter finding was in accordance with a preferential G-CSF mobilization of naive T cells relative to the total lymphocyte population (P р 0.014). CD3 + CD8 low and CD3 + CD8 low CD4 − subsets, which facilitate engraftment in murine transplantation models, demonstrated a tendency towards lower frequencies among T cells in CB grafts and LPs compared to BM grafts. This observation coincided with a significantly reduced mobilization of subsets potentially enriched for facilitating cells as compared to the total lymphocyte population (P р 0.036). The CD34 + compartment of CB grafts contained a significantly higher percentage (12.1%) of CD34 + CD7 + CD3 − T cell progenitors than those of BM grafts (5.1%) and LPs (3.6%). In addition, CB lymphocytes contained the highest fraction of CD3 − CD16/56 + NK cells (P р 0.013) and almost no CD3 + CD16/56 + NKT cells (P Ͻ 0.001) compared to adult cell sources. In sum-
The reconstitution of immunological competence in patients following allogeneic stem cell transplantation (SCT) depends on distinct cellular components present in the donor grafts. Following allogeneic SCT mature donor CD19 + B cells can provide sustained antibody production upon reimmunization or reinfection. 1, 2 Crucial to the immunological function after transplantation is the reconstitution of an antigen specific T cell compartment required for effective cellular immunity and the support of specific antibody production by B cells. In young patients with intact thymic function the T cell compartment is primarily regenerated by HSCs of donor origin. 
CD4
+ CD8 − ) and naive CD8 + T cells (CD3 + CD8 + CD4 − ). 4 In contrast to young patients, adult patients with thymic involution regenerate their T cell compartment predominantly by antigen driven conversion of naive T cells to memory T cells and subsequent expansion. 5, 6 A most recent study exploring T cell reconstitution demonstrated the appearance of naive T cells in patients 6 months after transplantation of T cell-depleted allografts. 7 This observation indicates the de novo synthesis of naive T cells by reactivation of the thymic pathway. Thus, naive T cells of donor origin either regenerated by the thymic pathway or present in the allograft contribute to the reconstitution of the antigen-specific memory T cell compartment. During this process antigen-stimulated naive CD4 11 The central role of donor T cells in allogeneic SCT has been documented in patients receiving T cell-depleted (TCD) allografts, who experience a marked reduction of GVHD at the expense of an increased risk of relapse and a high-quality reconstitution of immune competence. 12 In addition, patients receiving T cell-depleted allografts have a higher risk of graft failure indicating that T cells facilitate engraftment across the MHC barriers. Recent murine studies by Kaufman et al 13 and Gandy et al 14 demonstrated that cells facilitating engraftment are highly enriched in CD8 low CD3 + populations containing both TCR + and TCR − cells. The objective of this study was to compare the cellular composition of LPs, CB allografts, and BM allografts, with particular focus on subsets responsible for immune reconstitution following allogeneic SCT. For this purpose, lymphocyte subsets, lymphoid HPCs, and HSCs were assessed in each type of allografts by three-color flow cytometry analysis. In addition, this study aimed at investigating to what extent the administration of G-CSF affects the mobilization of distinct lymphocyte subsets.
Material and methods

Collection of allografts
Allografts were collected as described previously. 15, 16 Briefly, CB grafts were harvested by fixing the placenta to a frame with the fetal aspect downwards, puncture of the umbilical vein, and subsequent aspiration of CB into a closed blood bag system. BM grafts from healthy HLAmatched sibling donors were aspirated from the posterior iliac crest under general anesthesia according to institutional standard procedures. HLA-matched sibling donors were mobilized for the collection of LPs. For mobilization all donors received 5 g/kg of G-CSF (Neupogen, Roche, Hvidovre, Denmark) subcutaneously every 12 h until completion of harvesting. Leukapheresis was started after seven doses of 5 g/kg G-CSF on day 4 of mobilization. G-CSF administration was concluded immediately following the final leukapheresis procedure. Samples from CB allografts, BM allografts, and LPs were collected and stained on the day of harvest. Additional PB samples were obtained from BM donors, and from PBPC donors before and during mobilization.
All samples were obtained following informed consent according to the guidelines established by the Ethical Committee of the Cities of Copenhagen and Frederiksberg.
Immunofluorescence staining and flow cytometry analysis
Lymphocyte subsets: Lymphocyte subsets were assessed by three-color immunofluorescense analysis. Briefly, samples from LPs, CB allografts, BM allografts and PB (100 l) were incubated for 10 min at 20°C with 10 l 5% huIgG (Gammonativ 2.5 g; Kabi Pharmacia, Stockholm, Sweden) to reduce nonspecific binding. Then the FITC-, the PE-and the PerCP-conjugated MoAbs were added to the samples according to the panel shown in Table 1 . Isotype-specific antibodies served as controls. All antibodies were purchased from Becton Dickinson Immuncytometry Systems (BDIS, San José, CA, USA). Following 20 min of incubation in the dark, erythrocytes were lysed (FACS lysing solution, BDIS) and samples washed twice with phosphate-buffered saline (PBS)/1% bovine serum albumin (BSA) (Sigma, St Louis, MO, USA). Finally, cells were fixed in PBS/0.5% paraformaldehyde (Sigma) and kept at 4°C in the dark until analysis within 24 h.
Forty thousand events were acquired ungated and stored as list mode data files using CellQuest software on a FAC- Table 1 Panel of fluorochrome-conjugated MoAbs for the assessment of lymphocyte subsets, lymphocyte progenitors, and HSCs by three-color flow cytometry
Scan flow cytometer (both BDIS). For calculation of the total numbers of B, NK and T subsets their frequencies within the lymphoblastoid gate were multiplied with the total numbers of lymphocytes in the respective grafts. In addition, analysis of CD3 + , CD4 + , CD8 + and CD19 + subpopulations was performed using quadrant analysis ( Figure 1 ). The maximum percentage of false positive events accepted in control samples was 1%. All data were analyzed using PC Lysis software (BD).
HSCs and lymphoid HPCs:
The enumeration of CD34 + cells was carried out on unseparated cell samples and samples of mononuclear cells (MNCs) obtained by Lymphoprep separation (density 1.077 g/ml; Nycomed Pharma, Oslo, Norway) as described by Sutherland et al. 17 HSCs, B, and T lineage-committed HPCs were assessed by CD34 + subset analysis as described previously. 16 Briefly, 10 6
MNCs were labeled with fluorochrome-conjugated MoAbs (see Table 1 ), stored at 4°C in the dark, and analyzed on a + subset analysis were defined by negative controls as described in Materials and methods. 18 
Statistics
Statistical analysis was performed using the GraphPad software (San Diego, CA, USA). The results are expressed as mean ± standard error of mean (s.e.m.). Statistical significance between CB, BM allografts, LPs and PB was determined by the two-tailed Mann-Whitney test. The paired t-test was used to assess statistical significance between concentrations of lymphocyte subsets in PB before (day 0) and on days 4 and 5 of G-CSF mobilization (n = 10 pairs; or 5 pairs day 0 vs day 4 plus 5 pairs day 0 vs day 5). In addition, the paired t-test was applied to determine whether the relative increase (blood concentrations on days 4/5 divided by the blood concentrations on day 0) of distinct lymphocyte subsets following G-CSF mobilization differed significantly from that of the total lymphocyte population (n = 10 pairs). A significance level of P Ͻ 0.05 was chosen. 
Results
Volume, nuclear cells and lymphocytes
The net volume and the yields of total nuclear cells (TNCs) and lymphocytes in allografts are depicted in Table 2 . LPs contained six-fold more lymphocytes than BM grafts (P Ͻ 0.001), and BM grafts 5.6-fold more lymphocytes than CB grafts (P Ͻ 0.001). Hence, for most lymphocyte subsets absolute numbers were generally highest in LPs and lowest in CB grafts (Tables 2-4 , Figures 2-4) . The frequencies of CD3 + T cells were higher among lymphocytes from LPs (71.2%) than BM (58.6%) and CB (58.2%) grafts (P Ͻ 0.005) (Figure 2 ). On the other hand, CD19
+ B cell frequencies were lowest in LPs (11.4%) compared to BM (20.0%; P = 0.064) and CB grafts (18.5%; P Ͻ 0.015). The lack of significance between B cell frequencies in BM grafts and LPs was probably due to the contamination of BM grafts by peripheral blood (12% CD19 + cells) during harvesting (Figure 2 ). Compared to BM grafts and LPs, CB grafts contained the highest frequencies of NK cells (CD3 − CD16/56 + ; P р 0.013), but almost no NKT cells (CD3 + CD16/56 + ; P Ͻ 0.001) (Figure 2) .
B subsets and B-HPCs
The CD19 + cells were subdivided into B lineage-specific HPCs (B-HPCs; CD34
, and mature B cells (CD19 + CD20 + cells). BM grafts contained a significantly higher percentage of B-HPCs and immature B cells than CB grafts (B-HPCs; P р 0.03, immature B cells; P р 0.001) and LPs (BHPCs/immature B cells; P р 0.001) ( Table 3 ). B-HPCs but not immature B cells were also found to be more frequent among the CD19 + cells in CB grafts as compared to LPs (P р 0.03) ( Table 3 ). Absolute numbers of B-HPCs and immature B cells were highest in BM grafts and lowest in CB grafts (Table 3) .
T cell subsets and T-HPCs
Analysis of CD3
+ subsets revealed a significantly higher CD4/CD8 ratio in CB grafts (75%/25% = 3.0) as compared to BM grafts (56%/41% = 1.4) and LPs (54%/44% = 1.2) (P р 0.05) ( ) was found to be highest in CB grafts (P Ͻ 0.05).
Analysis of the CD3 + CD8 low and CD3 + CD8 low CD4 − subsets, that are potentially enriched for facilitating cells, demonstrated a tendency towards lower frequencies among T cells in CB grafts and LPs compared to BM grafts (P р 0.1) ( Table 4 ). The CD3 + CD4 − CD8 − subset, which has been propagated to suppress mixed lymphocyte reac- tions and GVHD, was detected at similar frequencies within T cell populations of all graft types (Table 4) . CD4 + , CD8 high and CD8 low cells were further subdivided based on their expression of CD45RA/CD45RO and ␣␤/␥␦ TCRs. CB grafts had the highest percentage of naive CD4 + and CD8 high cells (CD45RA + CD45RO − ) compared to BM grafts and LPs (P р 0.001) (Figure 3) . Interestingly, the naive phenotype was also found to be more frequent among CD4 + and CD8 high cells in LPs compared to BM grafts (P р 0.02) (Figure 3 ). Alpha-beta TCRs were expressed on almost all the CD4 + and the CD8 high cells (Figure 4 ). For each type of graft the CD8 low subset contained the lowest frequencies ␣␤ TCR + cells and the highest frequencies of ␥␦ TCR + cells. Notably, the percentage of ␥␦ TCR + CD8 low cells was significantly higher in BM grafts than in CB grafts (P р 0.001) and LPs (P у 0.03). The CD8 low subset also contained the highest fraction of TCR − cells in all types of grafts, most likely due to the presence of CD8 low NK cells (Figure 4) .
T lineage-specific HPCs (T-HPCs; CD34 + CD7 + CD3 − ) arise from HSC in the BM and transmigrate to the thymus and initiate the development of mature T cells. The percentage of T-HPCs was higher in CB grafts (12.1%) than BM grafts (5.1%; P р 0.02) and LPs (3.6%; P р 0.004) (Table 4) , and there was a strong tendency towards higher frequencies of T-HPCs in BM grafts as compared to LPs (P р 0.052). The yields of T-HPCs, however, were compaBone Marrow Transplantation rable in LPs and BM grafts, and lowest in CB grafts (Table 4) .
HPCs and HSCs
Currently, enumeration of CD34
+ cells is widely used to define the engraftment potential of hematopoietic stem cell grafts. The CD34 + population is heterogeneous and consists of a major fraction of committed HPCs (CD34 + CD38 + ) and a minor fraction of pluripotent HSCs (CD34 + CD38 − ), the latter being exclusively responsible for hematopoietic longterm reconstitution. As depicted in Table 2 , the percentage of CD34 + CD38 − HSCs was highest in CB grafts and lowest in LPs. However, CB contained significantly lower absolute numbers of CD34 + HPCs and CD34 + CD38 − HSCs as compared to BM grafts (P р 0.0001) and LPs (P р 0.004). The content of CD34 + HPCs and CD34 + CD38 − HSCs in BM grafts and LPs did not differ significantly (Table 2) .
G-CSF mobilization of lymphocytes and lymphoid HPCs
To determine the mobilization efficiency of G-CSF for distinct lymphocyte subsets we calculated whether their relative increase differed significantly from that of the total lymphocyte population (2.4-fold, Figure 5a) CB (n = 10) BM (n = 10) LP (n = 11)
Figure 3 Frequencies (given as the mean percentage of lymphocytes) and absolute numbers (mean ± s.e.m.) of naive, reverted memory, and memory subsets among the CD4, CD8
hi , and CD8 lo+ populations in allografts and peripheral blood. phocyte population (P у 0.05), whereas B cells increased significantly more (P = 0.004). The latter was due to a 3.4-fold increase of mature B cells (CD19 + 20 + ; P = 0.008) and a 6.7-fold increase of immature B cells (CD19 + CD20 − ; P = 0.04). These findings indicate that B cells are preferentially mobilized compared to T, NKT and NK cells.
The CD4 + and CD8 high subsets were mobilized slightly but not significantly better than the total lymphocyte population (P у 0.05) (Figure 5b ). Further analysis of the CD4 + and CD8 high subsets demonstrated that naive cells (CD45RA + CD45RO − ) increased significantly more than total lymphocytes (P р 0.014), whereas memory cells (CD45RA − CD45RO + ) were not significantly less mobilized than lymphocytes (P у 0.05) (Figure 5c ). These findings indicate that naive T cells were mobilized preferentially compared to memory T cells. The CD8 low subset and the two subsets enriched for facilitating cells (CD8 low CD3 + and CD8 low CD3 + CD4 − ) were minimally mobilized by G-CSF (P р 0.036 and P р 0.002 vs total lymphocytes) (Figure 5b) .
Due to the very low (below detection limit of the applied flow cytometry protocol) levels of B-HPCs (CD34 + CD19 + CD20 − ) and T-HPCs (CD34 + CD7 + CD3 − ) in PB at steady state the mobilization effect of G-CSF for these progenitor subsets could not be evaluated directly. LPs and BM grafts, however, contained similar yields of CD34 + cells and T-HPCs and no significant difference of T-HPC frequencies in their CD34
+ populations, which indicates that T-HPCs and CD34
+ were mobilized at similar efficiencies (Tables 2 and 4 ). In contrast, B-HPCs were virtually not detectable in the CD34 + population of LPs and yields of B-HPCs were 19-fold lower in LPs compared to BM grafts (Table 3) . Hence, B-HPCs were not mobilized to the same extent as the total CD34 + population. Physiologically these observations make sense, as T-HPCs must enter circulation to seed the thymus for further maturation, whereas B-HPCs preferentially stay in the BM microenvironment that provides optimal conditions for B cell maturation.
Discussion
The present study was conducted to compare the cellular compositions of LPs, CB allografts and BM allografts by three-color flow cytometry. Yields of B, T and NK cells in allografts were consistent with previous studies, ie highest in LPs and lowest in CB allografts. 19, 20 Our findings of a significantly higher ratio of naive vs memory cells among the CD4
+ and the CD8 high populations of LPs as compared to those of BM grafts are in conflict with previous data demonstrating similar ratios for both types of grafts. 19 However, those data were gained by two-and not three-color flow cytometry analysis, which does not allow the distinct characterization of the naive (CD45RA + CD45RO − ), memory (CD45RA − CD45RO + ), and reverted memory (CD45RA + CD45RO + ) phenotypes. Despite the high numbers of lymphocytes in LPs, two randomized studies have reported no significant difference for PBPC and BM transplantation with respect to the incidence and the severity of acute as well as chronic GVHD. 21, 22 These clinical observations are consistent with the findings that G-CSF administration can alter various T cell functions in vivo, which reduce T cell responsiveness to alloantigens. 23 Moreover, Akbar et al 24 demonstrated that naive and memory CD4 + cells act synergistically in mixed lymphocyte reactions by reciprocal cytokine stimulation implying that the numbers of naive and memory cells need a certain balance to exert an optimal synergistic response to alloantigens. In this context, one may speculate that the increased naive/memory ratio in LPs compared to BM grafts may reduce reciprocal cytokine stimulation, and thus, be another immunoregulatory effect of G-CSF, which contributes to a relatively weak alloresponse of mobilized T cells. Following allogeneic SCT, myeloid, B and NK cells emerge from donor-derived HSCs and HPCs essentially by differentiation in the BM environment. Hence, these lineages demonstrate reconstitution and normal function within 2-24 weeks post transplant. In contrast, T cell function, which may be impaired for years, 25 is regenerated through two different pathways. One pathway includes the BM-thymus axis and reflects a recapitulation of ontogeny, whereas the second pathway depends on expansion of naive T cells present in the allograft. Notably, the expansion of naive T cells is negligible in euthymic young recipients and only significant in adult recipients with impaired function of the thymus. [5] [6] [7] Thus, the preferential mobilization of naive T cells by G-CSF observed in this study may benefit adult patients with respect to a better and more rapid immunological reconstitution.
CB grafts have mainly been used as an alternative to BM grafts for young patients. CB transplantation is associated with slower engraftment, less GVHD, a higher risk of relapse, and similar survival compared to BM transplantation. 26 These clinical observations are consistent with the low response of CB-derived NK and T cells to alloantigens in in vitro assays. 20, 27 Notably, this reduced allogeneic response coincided with the highest ratio of naive vs memory CD4
+ and CD8 high cells in CB grafts compared to LPs, BM grafts and PB from adult donors. These findings are consistent with other studies demonstrating a high frequency of CD45RA + T cells in CB. 19, 20 Hence, the reduced allogeneic response of CB cells may to some extent depend on a diminished synergistic activation of naive and memory cells by reciprocal cytokine stimulation. 24 Another interesting finding was the almost complete lack of NKT cells in CB as compared to cell sources from adults. Human NKT cells have been demonstrated to be the most rapidly reacting CD8
+ subset to anti-CD3 stimulation. 28 In this context, the lack of NKT cells in CB may be another reason why CB cells conduct a weak allogeneic response both in vitro and after ASCT.
Clinical engraftment following CB transplantation is slower compared to BM transplantation. One reason for this is the low number of cells and particularly HSCs in CB grafts. Engraftment of HSC can be facilitated by distinct CD8 + subsets in murine transplantation models. A recent study by Adams et al 29 with human cells further demonstrated that CD8
+ cells increased the migration of CD34 + cells across a transwell membrane covered with endothelial cells as well as the homing of CD34 + cells to the BM following transplantation into NOD/SCID mice. Thus, the low frequency of CD8 + cells and subsets potentially enriched for facilitating cells among CB T cells may to some extent account for the slow engraftment following CB transplantation, probably by decreasing the homing of HSCs to the marrow. It is tempting to hypothesize that ex vivo expansion of CD8 + cells obtained from a CB graft and successive co-transplantation of the expanded CD8
+ population with the graft may accelerate hematopoietic reconstitution and decrease the incidence of graft failure associated with CB transplantation.
This study further aimed at investigating the mobilization efficiency of G-CSF for distinct lymphocyte subsets. Naive T cells and B cells were mobilized preferentially relative to the total lymphocyte population, whereas subsets enriched for facilitating cells were hardly mobilized at all. G-CSF mediates the peripherilization of BM cells by activation of neutrophils that exert their mobilization effect by the release of elastase and gelatinase. Whereas gelatinase promotes transmigration of cells by degrading extracellular matrix proteins including the basal membrane, 30 elastase disrupts the anchorage of cells to stroma by cleaving VCAM-1 a stromal ligand for the cellular adhesion mol-ecule VLA-4. 31 Notably, VLA-4 is expressed on HSC as well as HPCs and mature cells of the myeloid, B and T cell lineages, which explains why G-CSF conducts a nonlineage-specific mobilization. Thus, one would expect that the mobilization efficiency of G-CSF for subsets present at high frequencies in the BM and low frequencies in PB would exceed that of subsets, which are more evenly distributed. This assumption is supported by the high efficiency of HSCs/HPCs mobilization and by our finding that B cells were mobilized better than T and NK cells. However, the preferential mobilization of naive T cells compared to memory T cells suggests that G-CSF exerts mobilization by additional mechanisms specific for distinct subsets. One such mechanism is the down-regulation of Lselectin, 32 a principal homing receptor that interacts with high endothelial venules and regulates T cell entry into lymph nodes. 33 Because naive T cells differ from memory T cells by their high expression of L-selectin, G-CSF particularly impairs the extravasation of naive T cells. 34 Thus, G-CSF may mediate a preferential accumulation rather than a preferential mobilization of naive T cells compared to memory T cells by shedding L-selectin from the cell surface.
In summary, this study demonstrates that LPs, CB allografts and BM allografts differ significantly with respect to the composition of cells responsible for the immunological reconstitution following allogeneic SCT. In addition, the study demonstrates that G-CSF exerts a varying mobilization efficiency for distinct lymphocyte subsets.
